Sclerotinia stem rot (SSR) is one of the most important pests in cool soybean growing regions of the Northeastern United States and Canada. However, the intensity of infestations varies considerably from year to year according to weather conditions, thus making it difficult for breeders to select under uniform disease pressure. Selection for resistance to SSR would be greatly facilitated by the use of molecular markers. In this work, a collection of 130 lines was inoculated using the cotton pad method and was genetically characterized using a genotyping-by-sequencing (GBS) protocol optimized for soybean. Genome-wide association mapping (AM) and linkage disequilibrium (LD) analyses were performed with 7864 single nucleotide polymorphisms (SNPs). Linkage disequilibrium varied considerably over physical distance, reaching a r 2 value of 0.2 after 8.5 Mb in the pericentromeric region and 0.5 Mb in the telomeric region. The mixed linear model (MLM) performed very well in accounting for population structure and relatedness, as only 5.5% of the observed p-values were < 0.05. The strongest association was found on chromosome Gm15 (p-value = 1.38 × 10 -6
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S
clerotinia stem rot of soybean [Glycine max (L.) Merr.], caused by Sclerotinia sclerotiorum (Lib.) de Bary, is one of the most important diseases in the northern United States and Canada. In the United States, it was among the top 10 diseases that affected soybean yield in 3 of 4 yr between 2006 and 2009, even ranking second in 2009 (Koenning and Wrather, 2010) . The development of SSR is highly sensitive to fluctuations in humidity and temperature (Boland and Hall, 1987; Phillips, 1994; Workneh and Yang, 2000; Mila and Yang, 2008) . Therefore, the disease can cause considerable damage in soybean 1 yr, and be almost absent the following. In Eastern Canada, and particularly in the province of Quebec, it is the most important disease in soybean, and resistance and susceptibility is assessed in official varietal registration trials.
Chemical control of SSR is difficult to achieve because several preventive and systemic treatments are required (Mueller et al., 2004) . Biological control agents including Coniothyrium minitans, Streptomyces lydicus, and Trichoderma harzianum are all effective to reduce the number of sclerotia, with C. minitans having the best effectiveness (Zeng et al., 2012) . However, these products need to be applied yearly to obtain the best efficacy and will be unnecessary in the years where climatic conditions are not favorable for disease development. Cultural practices such as crop rotation (Kurle et al., 2001; Rousseau et al., 2007) , reduced tillage (Sutton and Peng, 1993; Gracia-Garza et al., 2002; Mueller et al., 2002) , and wide row spacing (Kurle et al., 2001; Mila and Yang, 2008) have been reported to reduce the impact of SSR in soybean fields. The rationale behind these practices is to decrease inoculum and/or maintain unfavorable conditions for fungal development.
Although no complete resistance to S. sclerotiorum has been described in soybean, important differences in susceptibility to the pathogen have been reported (Kim et al., 1999; Hartman et al., 2000; Hoffman et al., 2002; Chen and Wang, 2005; Bastien et al., 2012) . Moreover, in the field, true physiological resistance may be confounded with escape or avoidance mechanisms (Kim and Diers, 2000; Rousseau et al., 2004) . Overall, the development of cultivars exhibiting enhanced resistance is one of the most effective means to manage SSR (Grau, 1988; Kurle et al., 2001) and is an important objective of breeding programs targeted at northern soybean growing areas.
To date, quantitative trait loci (QTLs) for white mold resistance in soybean have been reported by Kim and Diers (2000) , Arahana et al. (2001) , Guo et al. (2008) , Han et al. (2008) , Vuong et al. (2008) , Huynh et al. (2010) , Li et al. (2010) , and Sebastian et al. (2010) . The mapping populations were generated from crosses between a resistant and a susceptible parent. In all but one study, it has proven challenging to detect the same QTLs in different trials. However, the most reproducible work identified three QTLs on chromosomes 06 and 20, in three out of four different field trials (Huynh et al., 2010) . Selective phenotyping confirmed the impact of these putative QTLs in four additional trials. The cotton pad method used in this study measures the length of lesions on the main stem following inoculation with mycelium. It provides a reproducible measure of a component of physiological resistance to SSR, namely to the infection via floral buds, in both field and controlled conditions (Bastien et al., 2012) .
Such QTL mapping in biparental crosses is limited in terms of the diversity sampled, two parents per population, and the resolution provided by the low number of recombination events incurred during population development. An alternative mapping approach, genome-wide association mapping (GWAM), is gaining popularity to identify genes of interest in plants. Compared with linkage mapping, it enables the study of many genotypes at once and, if a sufficient number of markers is used, generates more precise QTL positions. Genome-wide association mapping has been shown to have the potential to dissect the genetic basis of complex traits in Arabidopsis thaliana (Atwell et al., 2010) and rice (Oryza sativa L.; Huang et al., 2012) . However, population structure and kinship present within the AM population must be taken into consideration to avoid detecting spurious associations. In addition, because a statistical test is performed between each marker and the trait, traditional p-value cutoffs of 0.01 or 0.05 have to be made stricter to avoid an abundance of false positive results.
In soybean, GWAM studies using less than 200 microsatellite markers have reported associations to various quantitative traits (Hou et al., 2011; Li et al., 2011; Korir et al., 2013; Niu et al., 2013; Zuo et al., 2013) . Such low marker density inevitably leads to a low power of detection of QTLs and an imprecise localization of the QTL, thus reducing their usefulness for marker-assisted selection (MAS). Three other GWAM studies have been conducted using the GoldenGate assay, a high-throughput analysis method capable of genotyping 1536 SNPs on sets of 96 samples (Hyten et al., 2008; 2010b) . In the first study, two populations of advanced soybean breeding lines were screened for iron deficiency chlorosis tolerance (Mamidi et al., 2011) . Using the best model to control for population structure, 15.5 and 18.7% of marker-trait association p-values were inferior to 5%. This obvious inflation of observed p-values relative to the expected p-values could have lead to the reporting of many false positives. The two other GWAM studies were conducted to identify QTLs associated with chrorophyll, chlorophyll fluorescence parameters, yield and yield components in soybean landraces (Hao et al., 2012a; . Here, no correction for multiple testing was used, potentially leading to the reporting of many false positive associations.
All of these GWAM studies have relied on relatively small numbers of markers (hundreds to a thousand). Recent developments in high throughput next-generation sequencing technologies now offer the opportunity to considerably increase the number of SNPs in such studies. Although resequencing still remains too expensive to routinely carry out on a large set of genotypes, several methods have been developed that involve sequencing only a small fraction of the entire genome. Four main complexity reduction methods have been described to date: restriction site associated DNA (RAD) sequencing, reduced representation libraries (RRL), specific-locus amplified fragment (SLAF) sequencing, and GBS. Initially developed in animals and fungi, (Miller et al., 2007; Baird et al., 2008) , RAD sequencing has been applied in barley (Hordeum vulgare L.; Chutimanitsakun et al., 2011) and rapeseed (Brassica rapa L.; Bus et al., 2012) but not yet in soybean. Using the RRL approach in soybean, 1682, 7947, 25,047, and 14,550 SNPs were identified in four independent studies (Deschamps et al., 2010; Wu et al., 2010; Hyten et al., 2010a; Varala et al., 2011) . Although highly promising as a SNP discovery tool, the RRL approach required between 6 and 50 mg of DNA per sample, a quantity that is not very practical for genotyping on a large number of lines. The SLAF sequencing approach proposed in soybean (Sun et al., 2013) requires two digestions, PCR amplification and purification steps, in addition to size selection on gels. With such complexity, this approach is unlikely to gain much popularity in soybean.
The GBS method described by Elshire et al. (2011) in maize (Zea mays L.) and barley involves a greatly simplified library production procedure more amenable to use on large numbers of individuals or lines. There is no size selection step of the digested DNAs, enabling it to be performed using small amounts of DNA (100 ng). When adapted to soybean with the ApeKI enzyme, a total of 10,120 high quality SNPs was discovered among eight diverse soybean lines (Sonah et al., 2013) . Their distribution mirrored closely the distribution of generich regions in the soybean genome, thus making GBS an attractive approach to rapidly and efficiently genotype a large number of soybean lines with thousands of SNP markers.
This paper reports the use of the GBS approach for the identification of QTLs contributing to SSR resistance in soybean via a GWAM approach. The results suggest that AM is a useful strategy for dissecting complex traits in soybean, thus providing a valuable tool to assist in plant breeding. The high number of SNPs also enabled an evaluation of LD decay over physical distance.
Materials and Methods

Soybean Lines
A panel of 130 soybean lines representative of the diversity present in a private breeding program (Semences Prograin Inc.) in Eastern Canada covering maturity groups (MG) 000-II was used with the sole exception of Williams 82 (MG III) (see list in Supplementary Table S1 ). Among these, three cultivars were known to show good levels of resistance to SSR (Karlo RR, Maple Donovan, and S19-90), while three were moderately (OAC Bayfield and Williams 82) or highly susceptible (Nattosan) (Bastien et al., 2012) . Maple Donovan and Nattosan are commercial cultivars from the Eastern Cereal and Oilseed Research Centre (Agriculture and Agri-Food Canada, Ottawa, Canada), while S19-90 is a comm ercial cultivar from Syngenta Seeds. Williams 82 was obtained from the American Germplasm Resources Information Network. Karlo RR is a cultivar from Semences Prograin (St-Césaire, QC, Canada). Seeds of the other genotypes were obtained from Semences Prograin.
Validation Populations
Two populations of 192 F 4:5 lines segregating for the SNP marker most highly associated with SSR resistance were used for validation purposes. Population 1 was generated from the cross PR918827 ´ PR935401. Both genotypes are advanced breeding lines from Semences Prograin. PR918827 carries the resistance allele at this locus while PR935401 carries the susceptibility allele. Population 2 was generated from the cross PR918827 ´ Toma. PR918827 carries the resistance allele at this locus while Toma carries the susceptibility allele.
Phenotypic Evaluation
The AM panel was sown in the greenhouse at Université Laval in a randomized complete block design comprising four blocks separated in time. Planting dates were 25 Sept. 2009 , 6 Nov. 2009 , 18 Dec. 2009 , and 29 Jan. 2010 . The validation experiments were sown in the greenhouse on 21 Sept. 2012 (Population 1) and on 2 Nov. 2012 (Population 2). A randomized complete block design comprising three blocks was used. For all experiments, experimental units consisted of a total of six plants grown in pairs in three 6-L pots. The potting mix was made of 50% black earth, 30% perlite, and 20% Promix (Premier Tech Horticulture, Rivière-du-Loup, QC, Canada). Seeds were inoculated with RhizoStick inoculant (Becker Underwood, Ames, IA) at sowing. Plants were grown under natural light supplemented with 600 W high-pressure sodium lamps (P.L. Light Systems, Beamsville, ON, Canada) to provide a 16-h photoperiod. During the growing period before inoculations, the day/night temperature was 26/22°C.
Inoculum was prepared from strain NB-5 (provided by Dr. S. Rioux of CEROM, Quebec City, QC, Canada). Inoculations were performed over several days because of differences in flowering date. A pot was inoculated when both plants had reached the R1 growth stage. The cotton pad method described in Bastien et al. (2012) was used. Briefly, S. sclerotiorum grown in potato dextrose broth was homogenized for 30 s in a Waring blender (New Hartford, CT). Pieces (2.7 × 5.5 cm) of cotton pad (U.S. Cotton [Canada] Co., Montreal, QC, Canada) were then soaked in the suspension. The inoculum was applied on the petiole of the lowest node bearing flowers. After inoculation, plants were transferred to a different greenhouse where day/night temperatures were 22°C/18°C. Humidity was controlled based on water pressure deficit (maintained at 2.5 g/m 3 with a fogging system). Lesion length was measured 7 d after inoculation.
DNA Extraction, Library Preparation, and Sequencing
DNA was extracted from 50 mg fresh young leaves using the DNeasy 96 Plant kit (Qiagen, Toronto, On, Canada, catalog No. 69181) following the manufacturer's protocol. DNA was quantified using a Thermo Scientific (Wilmington, DE) Nanodrop 8000 spectrophotometer. DNA concentrations were normalized to 10 ng/mL and sub sequently used for library preparation. Three ApeKI libraries (48-plex) were prepared according to the GBS protocol described by Elshire et al. (2011) . Fourteen genotypes unrelated to this work were included in one of the three GBS libraries for a total of 144 DNA samples. Single-end sequencing was performed on three lanes of an Illumina HiSeq2000 (at the McGill University-Génome Québec Innovation Center in Montreal, QC, Canada).
Processing of Illumina Raw Sequence Read Data and SNP Calling
The pipeline described by Sonah et al. (2013) was used for the processing of Illumina 108-bp reads. A maximum of one-third of missing data per marker was tolerated. Finally, missing information in the filtered set of high-quality SNPs was imputed using fastPHASE (Scheet and Stephens, 2006) .
Genotypic Data Analysis
Single nucleotide polymorphism marker data were imported into TASSEL v. 3.0 standalone (Bradbury et al., 2007) . Indels, markers having a minor allele frequency (MAF) inferior to 5% and markers located on unanchored scaffolds were eliminated from the dataset. The remaining SNP markers were used for analysis of population structure, LD, and marker-trait associations.
Linkage Disequilibrium Analysis
Decay of LD between marker loci was assessed using the squared allele frequency correlation (r 2 ) between pairs of loci located on the same chromosome (Hill and Robertson, 1968) . To take into account the variability of recombination over the genome, chromosomes were divided into telomeric (low LD) and pericentromeric (high LD) regions. Borders between these regions were determined based on the mean r 2 value for markers located in a 1-Mb sliding window (0.1 Mb increments). Windows with fewer than 10 marker pairs (i.e., < 5 markers) were almost exclusively found in the repeat-rich pericentromeric regions and were assigned a value of r 2 = 1. Starting from each end of a chromosome, a series of 10 consecutive windows with r 2 = 1 was considered to mark the beginning of the pericentromeric region. In a few cases, the first high LD zone encountered was clearly separate from the large body of pericentric heterochromatin (extended zone of low LD) reported in Schmutz et al. (2010) . In such cases, the second high-LD region was chosen to define the border. The precise boundary between telomeric and peri centromeric regions was taken to be the midpoint of the first 1-Mb window. Linkage disequilibrium plots of all chromosomes are found in Supplementary Fig. S1 . A summary of regions and SNP coverage is shown in Table 1 .
Linkage disequilibrium decay with physical distance was plotted both for the entire dataset and separately for the telomeric and pericentromeric regions described above. A regression of r 2 against distance was performed for all marker pairs using the R script LDit (https://github.com/ rossibarra/r_buffet/blob/master/LDit.r, verified 22 Jan 2014).
Association Analysis
All marker-trait association tests were run in TASSEL v. 3.0 standalone (Bradbury et al., 2007) . A principal component analysis (PCA) was conducted to assess population structure, and a kinship (K) matrix was calculated to estimate familial relatedness between lines. On the basis of the Scree plot, the first 16 PCs were used to capture population structure in the association analyses. Four different models were tested: (i) a naïve analysis using only the general linear model (GLM); (ii) a GLM analysis with principal components (P) as a cofactor; (iii) a MLM analysis using the kinship matrix (K) as a cofactor; and (iv) a MLM analysis in which both population structure and relatedness (P + K) were used as cofactors (Zhang et al., 2010) . Quantile-quantile plots were produced to assess the extent to which the analysis produced more significant results than expected by chance.
The critical values for assessing the significance of marker-trait associations were calculated using QVALUE (Storey and Tibshirani, 2003) . The q-value is a measure of significance in terms of the false discovery rate, similar - to the p-value that relates to the false positive rate. This approach limits the number of false positive results, while offering a more liberal criterion than the Bonferroni correction factor. Marker-trait associations having a q-value inferior to 0.1 were declared significant.
QTL Validation Experiments
A codominant cleaved amplified polymorphic sequence marker was developed and used to genotype the candidate SNP on Gm15 in the crosses segregating for this marker.
The locus was amplified with specific primers (5¢-TAC-CAAAATAACTTGTCTTGCAGCTTGG-3¢ and 5¢-GCG-GAGGAGCAAGCAGCTTATATGG-3¢) and the resulting amplicon was digested with ApeKI, with digestion of the amplicon signaling the resistance allele. For each population, three F 4:5 plants per row were genotyped, and a line was considered to have reached fixation at the marker when all three plants were homozygous for the same allele. Based on this information, 24 F 4:5 plants homozygous for each of the resistance or the susceptibility allele were selected, and F 4:6 progeny of these 48 plants were tested for their reaction to SSR as described above. Resistant genotypes Karlo RR and S19-90, as well as susceptible genotypes Nattosan and OAC Bayfield, were used as checks in these experiments.
Statistical Analysis of Phenotypic Data
An ANOVA was performed on the phenotypic data using PROC GLM of SAS (v. 9.3, SAS Institute, Cary, NC) for a randomized complete block design. Analysis of residuals and PROC UNIVARIATE confirmed the assumptions that experimental errors were normally distributed around a zero mean, and had a common variance. Fisher's protected LSD at a = 0.05 was used to test the differences among genotypes. Analyses of variance for the QTL validation experiments were performed using PROC MIXED (SAS v. 9.3, SAS Institute, Cary, NC). Alleles were analyzed as fixed effects, while genotypes and replications were analyzed as random effects. Genotypes were nested within alleles.
Results
Evaluation of SSR Resistance in a Panel of 130 Soybean Lines
The distribution of lesion lengths among lines in the AM panel is shown in Fig. 1 , and the data for each line are provided in Supplementary Table S1 . Lesion lengths covered a very broad range (29 to 192 mm, mean of 114 mm), and the distribution was bell-shaped, with few highly resistant or highly susceptible and a large majority of lines exhibiting intermediate reactions.
Resistant checks Karlo RR, S19-90, and Maple Donovan all developed shorter lesions than the average (29, 44, and 81 mm, respectively). One of the moderately susceptible checks, Williams 82, ranked near the average (118 mm), while another, OAC Bayfield, developed longer lesions (160 mm). The highly susceptible cultivar Nattosan developed the longest lesions among all checks (177 mm).
Marker Distribution
The pooled GBS libraries were sequenced in three lanes of one flow cell, generating 285.9 million reads for the 144 lines comprised in three 48-plex libraries. The 130 lines belonging to the association panel comprised 2.1 million reads per line on average, for a total of 266.7 million reads. The number of reads per line varied between 0.5 and 5.8 million. A total of 12,193 SNPs was initially called for this set of lines. A large portion (35.3%) of these was found to have a MAF < 5% and these SNPs were discarded, leaving 7893 SNPs with a MAF ³ 5% (Fig. 2 ). Of these, 29 SNPs mapped to scaffolds that are curr ently unassigned to a chromosome, and the 7864 that mapped onto one of the 20 soybean chromosomes were used for the ensuing analyses. In total, these markers cover 945.5 Mb of the genome. The largest number of SNPs was found on chromosome 18 (626 SNPs), followed by chromosome 15 (516 SNPs), and the lowest number of SNPs was observed on chromosomes 11 (173 SNPs) and 12 (248 SNPs). The distribution of SNPs on each chromosome is presented in Table 1 . For the purpose of refining the analy sis of LD, the chromosomes were divided into telomeric and pericentromeric regions (as described in the Materials and Methods) to properly reflect the marked differences in marker coverage, recombination and LD in these regions. Summed over all chromosomes, the telomeric (low LD) regions span a total of 400.9 Mb and 5579 SNP were detected in this zone, for a coverage of one SNP every 71.9 kb. In contrast, the pericentromeric (high LD) regions spanned 544.7 Mb and 2285 SNP were detected in this zone, for a coverage of one SNP every 238.4 kb.
Linkage Disequilibrium Analysis
Linkage disequilibrium analysis was performed using 7864 SNPs. Decay of LD over physical distance is presented in Fig. 3 . For the entire data set, the regression curve fitted to the LD plot falls below r 2 = 0.2 at ~0.85 Mb (Fig. 3a) . Within the telomeric regions of the chromosomes, the regression curve crosses this threshold value at ~0.5 Mb (Fig. 3b) . In stark contrast, in the pericentromeric region, the LD curve falls below r 2 = 0.2 at ~8.5 Mb (Fig.  3c) . As the mean distance between markers was inflated due to a relatively small number of marker pairs that were exceptionally distant, the median distance between SNPs was deemed more representative. Within the telomeric region, the median distance between markers is 26.7 kb, and it is 65.3 kb in the pericentromeric region.
To examine how tightly the alleles at two loci are associated in these two distinct regions of the genome, we then estimated the median r 2 between marker pairs separated by <100 kb within either the pericentromeric or telomeric regions. As can be seen in Fig. 4a , within the pericentromeric regions, markers remain tightly associated (r 2 > 0.8) at distances as high as 21.1 kb, and even at large distances (~100 kb), marker pairs retain a high level of association (r 2 > 0.67). In contrast, within the telomeric regions (Fig. 4b) , median r 2 values fall below 0.8 at only 3.6 kb and below 0.5 at 24.5 kb.
Population Structure Analysis
A PCA was performed on the 130 lines of the AM panel. Principal Component 1 (PC1) explained 5.9% of the variation in the data, while PC2 and PC3 explained 4.7 and 4.5% of the variation, respectively. When observing these first three axes of the PCA (Supplementary Fig. S2 ) we saw no clear grouping among lines, indicating a low level of population structure. The first 16 PCs used in the association analyses (as determined based on the Scree plot) captured 42.8% of the variability. 
Association Mapping
The number of significant associations between SNPs and lesion length varied between the statistical methods tested. The naïve GLM model detected the largest number of significant associations at q-value < 0.1 (428). This method does not account for any possible confounding effects that could lead to false positives, which led to an inflation of the cumulative distribution of p-values relative to the observed p-values (Fig. 5 ). The GLM model taking into account population structure (PCA) detected 13 significant associations but still led to an inflation of the cumulative distribution of p-values relative to observed p-values. The MLM model taking into account familial relatedness (K) did not detect any significant association. The fact that this model provided fewer significant results than expected by chance suggests that it may be overly conservative. The mixed model correcting for both population structure and familial relatedness (PCA + K) yielded the best fit to the theoretical distribution. In total, 5.5% of marker-trait assoc iations had a p-value below 5%, and this model detected a total of 10 significant marker-trait associations (q-value < 0.1) defining four genomic regions ( Fig. 6 and Table 2 ). The most significant region comprises three SNPs covering 312 kb on Gm15. The marker with the strongest association with lesion length (q-value = 0.011) is located at position 13,651,235 and explains 14.5% of the variation for SSR resistance. It is the sole marker that was detected in both the PCA and PCA + K analyses. Genotypes carrying the minor allele (A) at this locus developed lesions 15.1 mm shorter than genotypes carrying the major allele (G). The second significant region comprises five consecutive SNPs on Gm01 between positions 29,185,984 and 31,164,344. They share an identical q-value of 0.040 and explain 7.3% of the variation. Genotypes carrying the minor allele at these loci developed lesions 5.4 mm shorter than genotypes carrying the major allele. The next significant region is marked by a single SNP located on Gm20 at position 39,698,515 (q-value = 0.094). It explained 6.3% of the variation for resistance to SSR and genotypes carrying the minor allele (A) at this locus developed lesions 8.0 mm shorter than genotypes carrying the major allele (G). The last significant region is also marked by a single SNP located on Gm19 at position 50,557,054 (q-value = 0.094). It explained 7.2% of the variation for resistance to SSR. Genotypes carrying the minor allele (A) at the locus on Gm19 developed lesions 9.9 mm longer than genotypes carrying the major allele (C). Combined together, these four most significant markers explained 35.3% of the phenotypic variation.
Validation Experiments
To validate the candidate markers associated with SSR resistance on Gm15, two populations of F 4:5 lines derived from parents contrasted for the peak marker on Gm15 were identified. The phenotypic contrast between parents of Population 1 (PR918827 ´ PR935401) was large (96.4 mm). In contrast, the parents of Population 2 (PR918827 ´ Toma) were both considered partially resistant and the phenotypic contrast between them was small (15.8 mm). For each population, an equal number of F 4:6 lines homozygous either for the resistance or the susceptibility allele (24 each) were evaluated for SSR resistance under greenhouse conditions (Fig. 7) . With the sole exception of OAC Bayfield that showed much smaller lesions than expected in the Population 1 trial, all other checks developed lesions of the expected length in both trials. In Population 1, among the group of lines homozygous for the resistance allele, lesion length averaged 70.6 mm, whereas it averaged 82.9 mm among those homozygous for the susceptibility allele. The contrast between the two groups of lines was not significant (p = 0.170). In Population 2, among the group of lines homozygous for the resistance allele, lesion length averaged 38.6 mm, whereas it was 56.2 mm among those homozygous for the susceptibility allele. The contrast between the two groups of lines was significant (p = 0.027).
Genomic Landscape Near the Peak SNP on Gm15
To have a broad view of the genomic landscape in the vicinity of the peak SNP on Gm15, we examined the interval defined by SNP markers having a q-value < 0.2. Six SNPs have a q-value under this threshold, defining an interval that spans 590 kb between position 13,339,206 and 13,929,317. Annotation using the Blast2GO software (Conesa et al., 2005) revealed that this region harbors 28 predicted genes, including twelve that have a predicted function related to disease resistance (Fig. 8) .
Discussion
Number of Markers
In this work we performed GWAM with 7864 SNPs. This is considerably more than previous work in soybean that employed between 55 and 186 microsatellite markers (Hou et al., 2011; Li et al., 2011; Korir et al., 2013; Niu et al., 2013; Zuo et al., 2013) . It is also a significant increase compared with three GWAM studies where genotyping was conducted with the GoldenGate Assay. One used 858 and 868 SNPs in two different AM populations (Mamidi et al., 2011) , while the other two studies were conducted with 1142 SNPs (Hao et al., 2012a (Hao et al., , 2012b .
Linkage Disequilibrium
Assessing the decay of LD in an AM panel provides an estimate of the number of markers required to detect QTLs. The method most widely used to describe LD decay consists in doing a regression of r 2 against physical or genetic distance and finding the intersection of the regression with a set threshold. In this work, we found that applying this approach to physical distance did not provide an accurate portrayal of LD, as it varies considerably across the genome (Comadran et al., 2009; Lee et al., 123.3 9.9 † Chr, chromosome number; Position, position of peak marker on the physical map; MAF, minor allele frequency; MA, minor allele; LLR, mean lesion length in mm of genotypes carrying the resistance allele; LLS, mean lesion length in mm of genotypes carrying the susceptibility allele; a, average change in lesion length following allele substitution. ‡ Indicates whether the minor allele provides increased resistance or susceptibility. § Indicates the proportion of total phenotypic variation accounted for by the marker. 2013). We devised a criterion, based on the mean level of LD in sliding windows, to define borders between the telomeric (low LD) and the pericentromeric (high LD) regions of the genome. This is similar to the annotation found in the soybean genome browser in SoyBase, in which pericentromeric regions are defined as ones having "near-zero rates of recombination," except that the zones defined here relate directly to the situation encountered in this collection of lines. When we compared the pericentromeric regions defined in this work with those in SoyBase, on average, there was a ~5% difference in the portion of the chromosome that was labeled pericentromeric.
As expected, LD decay varied considerably between the two regions, falling below r 2 = 0.2 after only 500 kb in the telomeric regions, and extending up to 8.5 Mb in the pericentromeric regions. The genome-wide figure (0.85 Mb) thus provides a relatively poor description of what are two very distinct situations. Nonetheless, as previous studies have used such global figures of LD decay, we will use this number to perform comparisons on a similar basis. In the first work conducted on the question, 74 sequence tagged sites were used to study LD decay in three chromosomal regions (Hyten et al., 2007) . Among elite cultivars, LD reached r 2 = 0.1 after 574 kb in one region, but never reached this threshold in the two other regions spanning 513 and 336 kb. In another study conducted by Mamidi et al. (2011) , it was reported that r 2 fell below 0.1 at 7.0 Mb in one collection of lines using 858 SNPs, and extended to 5.9 Mb in another coll ection of lines using 868 SNPs. These two AM panels were respectively composed of 141 or 143 advanced breeding lines adapted to the north central states of the United States. Here, the AM panel comprised 130 cultivars and advanced breeding lines representing the extent of diversity present within a single private breeding program. Over all loci, r 2 dropped below 0.1 at ~2.8 Mb. This less extensive LD is likely a reflection of the broader scope of the latter panel as it comprised genetically-modified, conventional, and food-type soybeans belonging to Maturity Groups 000 to II. Lastly, using 1142 SNPs, Hao et al. (2012b) found that r 2 reached 0.1 at only 500 kb in an AM panel composed of 191 landraces from different geographic origins and with phenotypic variations. It is not surprising to find such low levels of LD in a very diverse collection of lines.
Although the number of SNP markers used in this study is much higher than in previously published work, is this coverage sufficient to successfully detect QTLs? Based on the study of LD in three small euchromatic chromosomal regions (336 to 574 kb), Hyten et al. (2007) estimated that the number of tag SNPs required to obtain sufficient SNP coverage at r 2 = 0.8 in elite material ranged between 9600 and 29,400 markers. In this work, close to 8000 SNP markers covering the entire genome were available to examine this question on a larger scale. If we assume that the most challenging location for detection of a QTL is midway between two flanking markers, we need to estimate the degree of correlation between these flanking markers and a hypothetical QTL midway between them. To do this, we estimated the median r 2 value between markers located at half the median distance between marker pairs in our dataset. For the telomeric regions, the median distance between marker pairs was 26.7 kb and thus, for loci situated 13.3 kb apart, the logarithmic regression shown in Fig. 4 provides an estimate of r 2 = 0.60. In other words, given the number and distribution of SNPs described in this work, we estimate that the degree of correlation between any QTL and a flanking SNP marker is expected to be >0.6 in telomeric (euchromatic) regions. Similarly, for the pericentromeric regions (in which the median distance between markers was found to be 65.3 kb), the median r 2 value between loci at half this distance is estimated to be 0.76. If one uses r 2 = 0.8 as a threshold above which an association analysis would have high power to detect QTLs (Hyten et al., 2007) , we find that the coverage achieved in the telomeric regions is probably sufficient to detect many QTLs either of moderate to large effect or located in more favorable positions relative to flanking markers, but that it is still inadequate to provide high QTL detection power throughout the soybean genome of this size and composition.
The pericentromeric region spans 544.7 Mb and is covered by 2285 SNP markers. The median distance between a SNP and a QTL at which r 2 > 0.8 is < 21.1 kb (Fig. 4a) . Thus, to ensure an even coverage at such high LD levels, a SNP every 42.2 kb or 12,900 SNPs would be needed in the pericentromeric region. Similarly, the telomeric region spans 400.9 Mb and is covered by 5579 SNP markers. The median distance between a SNP and a QTL at which r 2 > 0.8 (Fig. 4b) is < 3.6 kb. Therefore, on average, SNPs must be present every 7.2 kb, for a total of 55,700 SNPs over the region. For the entire genome, a total of 68,600 well-distributed SNPs would thus be needed. However, it is important to underline that this number is based on the worst-case scenario of a hypothetical QTL midway between two SNPs. This study has demonstrated that GWAM can detect QTLs with much fewer SNPs.
Validation of the QTL on Gm15
Although a number of studies have reported QTLs detected via association analyses in soybean, validation of such candidate QTLs is rare. Here, we assessed the phenotypic contrast between lines segregating for the peak SNP marker associated with SSR resistance on Gm15. In the two segregating populations, the magnitude of the difference in lesion length between the two genotypic classes was similar (12.3 mm in Population 1 and 17.6 mm in Population 2) and consistent with the allelic effect estimated in the association analysis (15.1 mm, Table 2 ). In Population 1, this contrast was not statistically significant (p < 0.170). A plausible explanation for this is the presence of other segregating QTLs in this cross (R ´ S; 96.4 mm difference in lesion length) that could have blurred the allelic contrast at a single locus. In contrast, both parents of Population 2 were partially resistant to SSR (15.8 mm difference in lesion length) and the observed contrast between genotypic classes (17.6 mm) was significant (p < 0.027) and explains completely the contrast between the parents of this cross. To our knowledge, this is the first report of validation of QTLs detected for SSR resistance in soybean.
Magnitude of SSR Resistance QTLs and Relevance to Breeding
The quantitative nature of SSR resistance in soybean is clearly supported in the present study, as the four genomic regions identified each explained between 6.3 and 14.5% of the variation. With the exception of one QTL on chromosome 6, which explained between 18.9 to 23.6% of phenotypic variation (Huynh et al., 2010) , all other reported QTLs accounted for 16% or less of SSR resistance (Kim et Diers, 2000; Arahana et al., 2001; Guo et al., 2008; Han et al., 2008; Vuong et al., 2008; Huynh et al., 2010; Sebastian et al., 2010) . Combined together, the four candidate QTLs accounted for 38.4% of the variation for SSR variation, leaving a large proportion of variation unexplained. In simulations, QTL detection power was demonstrated to increase with both heritability and population size . As our association panel (130 lines) is at the lower end of tested population sizes (100-300 lines), we would expect this to constitute a limitation. Finally, the R 2 value is influenced by the LD between the marker and the QTL and by the marker allele frequency. R 2 is greatest when LD is near 1 and the allele frequency is 0.5. Both conditions are likely to be fulfilled in a biparental population, but neither is likely to be the case in an AM population. Although the number of markers that were used here is greater than most AM studies published in soybean to this day, several thousand more SNP markers would be required to ensure complete genome coverage. The impact of marker coverage was examined in a recent work where the genomes of 226 accessions of the model legume Medicago truncatula were sequenced, generating over six million SNPs that were used to perform GWAM for several traits (StantonGeddes et al., 2013). In parallel, GWAM for these traits was conducted with an in silico 250K SNP array. The comparison of AM results revealed that candidates identified using the in silico arrays were often distant from the top sequence-based candidates and highly biased towards common variants. This implies that some QTLs for SSR resistance carried by rare variants may have gone un-detected because of insufficient marker coverage, and that the exact location of candidate QTL will still need to be refined. However, from a breeder's standpoint, the mapping precision of QTLs achieved in study is more than sufficient to allow their exploitation in markerassisted breeding.
Pyramiding QTLs identified in this study could potentially result in increased resistance, as the most resistant lines among the association panel were not fixed for the resistance alleles at all QTLs. For instance, Karlo RR, the most highly resistant genotype in the panel, possesses the resistance allele for QTLs on Gm01 and Gm19, but the susceptibility allele at QTLs on Gm15 and Gm20. Thus, through the crossing of complementary lines and the use of MAS, the identification of breeding lines combining increased levels of resistance to SSR should be possible. However, the simultaneous handling of many small-effect QTLs for several characters within a breeding program via phenotypic selection could prove challenging. The development of genomic selection schemes could provide an alternative way to achieve this goal (Poland et al., 2012) .
Comparison with Previously Reported QTLs for SSR Resistance
Some of the candidate QTLs found in this work are located on chromosomes where other SSR resistance QTLs have been found. The three QTLs previously reported on Gm19 (Arahana et al., 2001; Han et al., 2008; Sebastian et al., 2010) , however, map to regions distinct from that reported here. The QTLs on chromosomes 1 and 20 were also reported (Arahana et al., 2001; Li et al., 2010) , but again mapping to intervals distinct from this study. Three QTLs for SSR resistance were described on chromosome 15. The first encompasses a 44.7 Mb interval that includes our significant peak (Guo et al., 2008) . The second is located between microsatellite satt231 (position 50.5 Mb) and a restriction fragment length polymorphism 18 cM upstream (Han et al., 2008) . Both intervals are too large to state if they detected the same QTL as ours. The third QTL was found near a RAPD marker (OP_m12b), which is located between Satt720 (position 4.1 Mb) and BARC-014271-01299 (position 14.0 Mb) (Arahana et al., 2001 ). This interval includes the significant peak detected here. The resistance allele came from the susceptible parent Williams 82 and the susceptible allele from the resistant parent S19-90. In our work, the resistance allele is carried by S19-90, which suggests that the two QTLs are distinct. Overall, this is the first report of association to SSR resistance in soybean in these regions of chromosomes 1, 19, and 20.
Genomic Landscape Near the Association Peak on Gm15
Markers having a q-value < 0.2 on Gm15 define a 590 kb zone between positions 13,339,206 and 13,929,317 where 12 of the 28 predicted genes (42.9%) have a predicted function related to disease resistance (Fig. 8) . Within this zone, there is a 260 kb gap between the peak SNP at position 13,651,235 and another SNP at position 13, 911, 191 (Fig. 9 ). This gap could have been caused by the presence of eight consecutive predicted serine/threonine protein kinase genes spanning 83.5 kb. In soybean, gene-rich regions that harbor clustered multigene families such as nucleotide-binding and receptor-like protein classes have been shown to be the most enriched for structural variation (McHale et al., 2012) . Furthermore, evidence of SNP associations in or adjacent to serine/threonine protein kinases genes with quantitative resistance against fungal pathogens has been presented in maize (Kump et al., 2011; Poland et al., 2011; Wang et al., 2012b) . In soybean, genes encoding serine/threonine protein kinases were shown to be involved in the reaction to infection with soybean rust caused by Phakopsora pachyrhizi (Tremblay et al., 2011) and were suggested to be associated with the higher level of partial resistance to Phytophthora sojae (Wang et al., 2012a) .
Two other predicted proteins contain leucine-rich repeat (LRR) domains, a class of genes involved in partial resistance to fungal pathogens in maize (Kump et al., 2011; Poland et al., 2011) . The recognition ability of polygalacturonase-inhibiting proteins, extracellular plant proteins capable of inhibiting fungal endopolygalacturonases, resides in their LRR structure, where solvent-exposed residues in the β strand/β-turn motifs of the LRRs are determinants of specificity (De Lorenzo et al., 2001 ). In the model legume Medicago truncatula, high-recombination regions are significantly overrepresented in LRR genes (Paape et al., 2012) . Here the genes coding for the two putative LRR proteins flank the eight consecutive predicted serine/threonine protein kinase genes. In soybean, LLR-containing genes tend to co-localize with disease resistance QTL (Hayes et al., 2004; Valdes-Lopez et al., 2011; Kang et al., 2012) , notably in a QTL linked to partial resistance to Phytophthora sojae (Jeong et al., 2001; Wang et al., 2010; Wang et al., 2012a) . Finally, two predicted genes contain ankyrin repeats domains, a feature of a large family whose members are involved in a number of physiological and developmental functions that include responses to biotic and abiotic stresses (Cao et al., 1997; Yan et al., 2002; Yang et al., 2012) . Ankyrin-containing proteins have been reported to be associated to quantitative resistance to various pathogens in maize (Kump et al., 2011) and rice (Mou et al., 2013) . The overexpression of the rice gene OsBIANK1 in Arabidopsis plants was shown to increase disease resistance to Botrytis cinerea, a pathogen closely related to S. sclerotiorum . Taken together, these evidences strongly support the presence of a disease resistance gene cluster near the association peak on Gm15.
Conclusions
The dense marker coverage obtained through GBS enabled us to more finely describe LD over the entire genome and to conduct GWAM at an unprecedented resolution in soybean. We have found that LD persists over much longer distances in the pericentromeric region than the telomeric region and that this information must be considered when assessing marker coverage adequacy. We identified four regions associated with SSR resistance and one of these was validated in a biparental population. These QTLs can potentially be pyramided in new soybean cultivars to achieve improved SSR resistance through marker-assisted or genomic selection.
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Supplementary Figure S1 . Average r 2 values over physical distance for the 20 soybean chromosomes. The arrows show the approximate extent of the pericentromeric region.
Supplementary Figure S2 . Projection of the 130 genotypes on the plane of the three first eigenvectors of the PCA.
